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Dual Antimicrobial and Anti-Inflammatory Activities
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A group of synthetic antimicrobial oligomers, inspired by naturally occurring antimicrobial peptides, were analyzed for the abil-
ity to modulate innate immune responses to Toll-like receptor (TLR) ligands. These synthetic mimics of antimicrobial peptides
(SMAMPs) specifically reduced cytokine production in response to Staphylococcus aureus and the S. aureus component lipo-
teichoic acid (LTA), a TLR2 agonist. Anti-inflammatory SMAMPs prevented the induction of tumor necrosis factor (ITNF), inter-
leukin 6 (IL-6), and IL-10 in response to S. aureus or LTA, but no other TLR2 ligands. We show that these SMAMPs bind
specifically to LTA in vitro and prevent its interaction with TLR2. Importantly, the SMAMP greatly reduced the induction
of TNF and IL-6 in vivo in mice acutely infected with S. aureus while simultaneously reducing bacterial loads dramatically
(41o0g,,). Thus, these SMAMPs can eliminate the damage induced by pathogen-associated molecular patterns (PAMPs)
while simultaneously eliminating infection in vivo. They are the first known SMAMPs to demonstrate anti-inflammatory

and antibacterial activities in vivo.

Infectious diseases have become the most pressing global health
care problem in recent years (31). The increasing occurrence of
multidrug-resistant infections and the low discovery rate of con-
ventional antibiotics create an urgent need for new strategies to
fight bacterial infections (42). Antimicrobial peptides (AMPs) iso-
lated from organisms across the phylogenetic spectrum form part
of the innate immune system and serve as the first line of defense
against microbial infection in many species. Over the last decade,
there has been considerable interest in developing AMPs as potent
antibiotics (12, 39, 50). However, despite extensive efforts in the
pharmaceutical and biotechnology industries, this goal has
proven difficult to achieve. The size, stability, tissue distribu-
tion, and toxicity of AMPs have made them difficult therapeu-
tic candidates. Furthermore, the native structures of AMPs re-
main relatively complex, and efforts are being made to study
their biological activities in simpler structures. This has led
several research groups to develop synthetic mimics of antimi-
crobial peptides (SMAMPs), which capture the essential bio-
logical properties of AMPs (10, 38, 40, 44). A number of
SMAMPs, designed on peptidomimetic principles, have been
identified as potent and selective compounds that demonstrate
broad-spectrum antimicrobial activities in vitro and low cyto-
toxicities against mammalian cells (38).

Recent efforts have been dedicated to altering the structural
and physicochemical properties of SMAMPs in order to improve
their antimicrobial activity and to reduce their toxicity to host
cells. One particular class of SMAMPs, based on small aromatic
oligomers, has been extensively studied (38), leading to good in
vivo activity (6, 38). In fact, PolyMedix Inc. is currently conduct-
ing a phase 2 clinical trial for the treatment of Staphylococcus in-
fections with PMX-30063, a SMAMP structurally similar to sev-
eral of those tested in this study. For example, SMAMP 02, a close
structural analogue of PMX-30063, induced a 5 log, , reduction in
bacterial-cell counts (CFU) in a neutropenic mouse model of
Staphylococcus aureus infection (6).

Apart from the ability of AMPs/SMAMPs to directly kill bac-
teria, certain AMPs can bind the pathogen-associated molecular
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pattern (PAMP) molecules originating from Gram-negative and
Gram-positive bacteria, which in turn reduces their interactions
with Toll-like receptors (TLRs). This interaction of AMPs with
selective PAMPs has been implicated in the anti-inflammatory
functions of those AMPs (11, 34). For example, human cathelici-
din peptide LL-37 binds lipopolysaccharide (LPS) and prevents its
interaction with LPS binding protein, thereby reducing its ability
to stimulate macrophages and inhibiting proinflammatory cyto-
kine secretion (33, 36). However, these AMPs, including LL-37,
have very moderate antimicrobial activities (MIC of LL-37, >32
M against both Escherichia coli and S. aureus) (8, 33) and likely
are not produced in high enough concentrations to be antimicro-
bial in vivo (3). This and the other limitations of AMPs described
above render LL-37 a poor therapeutic candidate. We hypothe-
sized that SMAMPs, with their excellent in vitro and in vivo anti-
bacterial activity, may also exhibit (AMP-like) specific PAMP
binding, reducing inflammatory activity. Although the antimicro-
bial activity of SMAMPs has been extensively studied, their inter-
actions with PAMPs and ensuing anti-inflammatory activity have
not been explored.

We selected a group of antibacterial SMAMPs that are non-
toxic to host cells and screened them as possible modulators of
proinflammatory cytokine production by RAW 264.7 cells in both
the absence and presence of the bacterial components LPS and
lipoteichoic acid (LTA). We identified SMAMPs with the capacity
to modulate cytokine responses of murine macrophages both in
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vitro and in vivo. Our results describe a group of novel synthetic
antimicrobial compounds that also involve the blockade of
PAMPs and can act as anti-inflammatory compounds, as well.
These novel SMAMPs open new therapeutic opportunities to tar-
get prevalent infections and at the same time arrest the inflamma-
tory response caused by the infection and/or the antibacterial
treatment to cure the infection.

MATERIALS AND METHODS

Antimicrobial molecules. All SMAMPs were provided by Polymedix
Inc., PA. Their structures, antimicrobial activities, and cytotoxicities are
available in Scheme S1 and Tables S1 and S2 in the supplemental material.
A 10-mg/ml stock solution was prepared in dimethyl sulfoxide (DMSO)
(Sigma-Aldrich Inc., St. Louis, MO) and diluted in Hanks balanced salt
solution (HBSS) (Lonza, Walkersville, MD) as necessary.

Reagents, bacterial strains, and cells. Ultrapurified LPS from Salmo-
nella enterica subsp. enterica serovar Minnesota R595 (S. Minnesota) was
from List Biological Laboratories, Inc. (Campbell, CA). All other TLR
ligands were purchased from InvivoGen (San Diego, CA). A recombinant
murine TLR2-Fc chimera was obtained from R&D systems, Inc. (Minne-
apolis, MN). Goat anti-human IgG-alkaline phosphatase was from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA).

S. aureus isolates (ATCC 13709 and ATCC 19636) were grown over-
night in Bacto Heart Infusion (BHI) broth (BD Biosciences, San Diego,
CA) and washed in HBSS. Bacterial concentrations were calculated from
optical density at 600 nm (ODy,) values (Genesys 2 Spectronic; Thermo
Fisher Scientific Inc., Madison, WI). S. aureus isolates were plated in Difco
Heart Infusion (DHI) agar (BD Biosciences).

RAW264.7 cells gamma NO ™ (ATCC, Manassas, VA) were cultured in
RPMI 1640 (Lonza) containing 10% fetal bovine serum (FBS). Mouse
bone marrow-derived macrophages (BMDMSs) were obtained as de-
scribed previously (51) (see the supplemental material). HEK-hTLR2 cells
(InvivoGen) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (ATCC) containing 4.5 g/liter glucose and 10% FBS.

Stimulation with TLR ligands and S. aureus. The following general
stimulation program was followed unless otherwise stated. RAW 264.7
cells (1 X 10°) or BMDM s (see the supplemental material) were seeded in
12-well plates in 1 ml of complete RPMI medium. After 3 h, the cells were
incubated with 1 pwg/ml SMAMP for 1 h and then stimulated with the
following concentrations of TLR ligands: LTA (10 pg/ml), LPS (100 ng/
ml), poly(IC) (1.0 pg/ml), R848 (3.1 pg/ml), CpG oligonucleotide (10
pg/ml), and ODN control (10 pg/ml). The cells were incubated for 12 to
14 h, and the supernatants were assessed for tumor necrosis factor (TNF),
interleukin 6 (IL-6), and IL-10 by enzyme-linked immunosorbent assay
(ELISA) (BD Biosciences) according to the manufacturer’s instructions.

For S. aureus stimulation, RAW 264.7 cells or BMDMs (1 X 10%/ml)
were seeded in 12-well plates in antibiotic-free RPMI medium. The cells
were treated with 1 pwg/ml SMAMP for 1 h prior to the addition of S.
aureus (multiplicity of infection [MOI] = 10). After 4.5 h or 12 h of
incubation, cytokine levels were assessed in the supernatants by ELISA.

Screening of TLR2 ligands by NF-kB reporter assay. HEK-Blue-
hTLR2/CD14 cells were seeded onto 96-well plates (1 X 10° cells/well) in
200 pl complete DMEM. After 2 h, the cells were incubated with 1 pg/ml
SMAMP for 30 min, followed by stimulation with different TLR2 ligands:
FSL-1 (synthetic diacylated lipoprotein; 10 ng/ml), Pam,CSK, (synthetic
diacylated lipopeptide; 10 ng/ml), Pam;CSK, (synthetic triacylated lipo-
peptide; 100 ng/ml), PgLPS (LPS from Porphyromonas gingivalis; 1.0 j.g/
ml), LM-MS (lipomannan from Mycobacterium smegmatis; 100 ng/ml),
and LTA (500 ng/ml). After 5 h of incubation at 37°C (5% CO,), 20 wl
supernatant was added to 180 pl Quanti-Blue solution in a 96-well plate
and incubated for 1 to 2 h for color development. Secreted embryonic
alkaline phosphatase (SEAP) activity was assessed by spectrometry at
ODys5 in a Multi-Mode Microplate Reader Synergy 2 (BioTek Instru-
mentns Inc., Winooski, VT).
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UV-visible (Vis) spectroscopy. Serial dilutions (0 to 100 pg/ml) of
LTA or Pam;CSK, in HBSS were mixed with vehicle (1% DMSO) or
SMAMP 02 (100 pg/ml) in 96-well plates. The plates were incubated at
room temperature for 20 min with constant shaking. The absorption
spectra were then recorded at 250 to 500 nm in a Multi-Mode Microplate
Reader Synergy 2.

TLR2 binding competition assay. The abilities of SMAMPs to com-
pete for the binding of LTA and Pam3CSK4 to a recombinant mouse
TLR2-Fc chimera were determined by a microtiter assay. Ninety-six-well
plates were coated with LTA and Pam;CSK, (0.5 pg/well) in chloroform-
ethanol (1:9). The solvent was removed by evaporation at 37°C. The plates
were then washed with phosphate-buffered saline (PBS)-0.1% Tween 20
(PBS-Tween) and blocked for 1 h with PBS-1% bovine serum albumin
(BSA) at room temperature. The coated wells were then incubated with
SMAMP 02 (1 pg/ml) or DMSO (control), followed by the addition of
recombinant mouse TLR2-Fc chimera (0.5 pg/ml). After 3 h of incuba-
tion at 4°C, the plates were washed with PBS-Tween and incubated with
goat anti-human IgG-AP (0.04 g per well in PBS-1% BSA) for 1 h at
room temperature. The plates were then washed with PBS-Tween, fol-
lowed by incubation with 100 pl BluePhos Microwell Substrate (Kirkeg-
aard & Perry Laboratories, Inc., Gaithersburg, MD). Color development
was allowed for 10 to 20 min, followed by absorbance determination at
620 nm.

qRT-PCR. RNA isolated from cells was analyzed for gene expression
by quantitative real-time reverse transcription (RT)-PCR (qRT-PCR).
Fold changes for tnf gene expression were normalized to actin and are
relative to the gene expression in vehicle (0.01% DMSO)-stimulated cells
using the AAC, method (28). The primers used were as follows: actin,
forward, 5'-GAC GAT GCT CCC CGG GCT GTA TTC-3’, and reverse,
5'-TCT CTT GCT CTG GGC CTC GTC ACC-3'; tnf, forward, 5'-AGC
CCA CGT CGT AGC AAA CCA C-3/, and reverse, 5'-ATC GGC TGG
CAC CAC TAG TTG GT-3'.

Acute infection of mice with S. aureus. Six- to 8-week-old C57BL/6
mice were infected by intramuscular injection of 1 X 10 S. aureus ATCC
13709 cells (in 0.1 ml HBSS) in the right posterior thigh. The mice were
treated (intraperitoneally [i.p.]) twice (at 1 h and 7 h postinfection) with
0.1 ml of SMAMP 02 (1 mg/kg of body weight) or vehicle (HBSS contain-
ing 2% DMSO). Twenty-five hours after infection, the thigh muscle at the
site of infection was aseptically collected for quantification of the bacterial
burden. The preweighed muscle was homogenized in 250 wl HBSS with a
Kontes Pellet Pestle, and 20-p.l aliquots of serial dilutions were plated on
DHI agar plates. The plates were incubated at 37°C for 10 to 12 h. Colony
counts were used to calculate the number of CFU per g of tissue. Murine
sera were also collected at sacrifice and analyzed for cytokine levels by
ELISA. All experiments involving mice were approved by the Institutional
Animal Care and Use Committee at the University of Massachusetts, Am-
herst.

Data analysis. The results were analyzed using GraphPad Prism ver-
sion 5.01. Data are reported as the average = SEM. The means were com-
pared using the Student 7 test. A P value of =0.05 was considered signifi-
cant.

RESULTS

Identification of SMAMPs that thwart the stimulatory capacity
of LTA in RAW264.7 cells. Twenty-five SMAMP candidates were
selected based on their antimicrobial activities and lack of cyto-
toxicity (see Tables S1 and S2 in the supplemental material for
antimicrobial activity in terms of the MICs and cytotoxicity values
of the SMAMPs screened). RAW264.7 cells were preincubated
with 1.0 pg/ml SMAMP or 0.01% DMSO vehicle (control) for 1 h
and stimulated with LTA or LPS for 12 h. TNF production was
then evaluated by ELISA, and the percent reductions of TNF in-
duced by LTA or LPS in the presence of these SMAMPs are shown
(see Fig. S1 in the supplemental material). A group of SMAMPs
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FIG 1 SMAMPs specifically inhibit TLR2-induced responses. (A and B) RAW
264.7 cells (10° per ml) were preincubated with SMAMPs (1.0 pg/ml) or
0.01% DMSO (control) for 1 h and stimulated with LTA (10 pg/ml) for 12 h.
The stimulation supernatants were analyzed for TNF and IL-6 production by
ELISA. The data are presented as the average and SEM of triplicate samples and
are representative of at least 3 independent experiments. (C) RAW 264.7 cells
(10° per ml) were preincubated with the indicated SMAMPs (1.0 wg/ml) or
DMSO (control) for 1 h and stimulated with LTA (10 wg/ml) for 4 h. The cells
were used to extract RNA and analyze tnf gene expression levels by qRT-PCR.
Fold changes for tnf gene expression levels were normalized to actin and are
relative to tnf expression in 0.01% DMSO-treated cells using the AAC,
method. The data are representative of 2 independent determinations. (D)
HEK-hTLR2 cells (0.5 X 10°/ml) were pretreated with 1.0 pg/ml SMAMPs or
DMSO (control) for 30 min and stimulated with 500 ng/ml LTA. After 5 h of
incubation, NF-kB-induced SEAP production was determined by alkaline
phosphatase activity in the supernatants using Quanti-Blue as the substrate.
The reactions were quantified at ODg5. The data are presented as the average
and SEM of triplicate samples and are representative of at least 3 independent
determinations.

(01 to 05) reduced LTA-induced TNF production by >65% (see
Fig. Sla and ¢, solid bars, in the supplemental material); specifi-
cally, SMAMPs 01, 02, and 03 inhibited TNF production more
than 70% (see Fig. S1c in the supplemental material). In contrast,
the inhibitory effects of all SMAMPs tested in response to LPS
stimulation were below 40% (see Fig. S1b and c, gray bars, in the
supplemental material). None of the SMAMPs showed any stim-
ulatory effect on RAW264.7 cells in the absence of LTA or LPS
(Fig. 1A shows SMAMPs 01 to 03).

SMAMPs 01 to 03 inhibit TLR2-mediated signals and the re-
sponse of macrophages to S. aureus. SMAMPs 01, 02, and 03,
which showed the greatest TNF reduction capacity in LTA-stim-
ulated RAW?264.7 cells, were then chosen to further characterize
their immunomodulatory activities. These SMAMPs significantly
inhibited the production of TNF in response to LTA (Fig. 1A). The
same inhibitory effect was observed for the proinflammatory cy-
tokine IL-6 (Fig. 1B). The inhibition of TNF production occurred
at the transcriptional level, as assessed by real-time RT-PCR of tnf
transcripts in RAW264.7 cells stimulated with LTA (Fig. 1C). In-
deed, the analysis of NF-kB activation in response to LTA in SEAP
reporter HEK-Blue-hTLR2 cells showed significant SEAP activity
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FIG 2 SMAMPs 01 to 03 inhibit macrophage proinflammatory responses to S.
aureus. RAW 264.7 cells (A and B) and BMDMs (C-1 and C-2) (10° per ml)
were stimulated with S. aureus (Sa; ATCC 19636; 1 X 107 CFU/ml) for 12 hand
4.5 h, respectively, in the presence or absence of SMAMPs (1.0 pg/ml). (A and
B) TNF and IL-6 were measured in the stimulation supernatants by ELISA.
The data are averages and SEM of three replicates and represent three inde-
pendent experiments. (C-1) TNF production was assessed in the stimulation
supernatants by ELISA. (C-2) RNA was isolated, and qRT-PCR was per-
formed. Fold changes for tnfwere normalized to actin and are relative to the tnf
expression in 0.01% DMSO-treated cells. (D and E) BMDMs (10° per ml) were
stimulated with S. aureus (MOI = 10) in the presence or absence of SMAMP
(1.0 pg/ml) for 4.5 h. IL-6 and IL-10 were measured in the stimulation super-
natants by ELISA. Under all conditions, the cells were pretreated with the
SMAMPs for 1 h before S. aureus stimulation; 0.01% DMSO was used as a
control. (C, D, and E) The data represent two independent experiments.

inhibition (Fig. 1D). Overall, these results demonstrated that
SMAMPs 01 to 03 inhibit TLR2-induced NF-kB activation and
proinflammatory cytokine gene expression.

The specificity of SMAMPs to suppress the agonistic effect of S.
aureus LTA prompted us to evaluate their activities against the
proinflammatory response to whole bacteria. RAW264.7 cells
were preincubated with 1.0 pg/ml of SMAMPs 01 to 03 and chal-
lenged with S. aureus at an MOI of 10. After 16 h, TNF and IL-6
present in the supernatants were measured by ELISA. The prein-
cubation with the SMAMPs resulted in an ~95% inhibition of
TNF production (Fig. 2A), while IL-6 production was inhibited
~65% (Fig. 2B). We next evaluated the inhibitory activities of the
SMAMPs on murine BMDMs to ensure that primary cells re-
sponded similarly. SMAMP-mediated suppression of TNF and
IL-6 production in response to S. aureus challenge was readily
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FIG 3 SMAMP-mediated cytokine inhibition is specific for LTA. (A) RAW 264.7 cells (10° per ml) were stimulated with LPS (100 ng/ml), poly(I - C) (1.0 p.g/ml),
R848 (3.1 pg/ml), and CpG oligonucleotide and ODN (10.0 pg/ml) in the presence of three different SMAMPs (1.0 pg/ml) for 12 h. TNF production was
measured in the stimulation supernatants by ELISA. RAW 264.7 cells (10° per ml) were pretreated with SMAMPs or DMSO (control) for 1 h before stimulation.
(B) HEK-hTLR2 cells (0.5 X 10° per ml) were pretreated with 1.0 p.g/ml SMAMPs or DMSO (control) for 30 min and stimulated with different TLR2 ligands:
FSL-1 (10 ng/ml), Pam,CSK, (10 ng/ml), Pam;CSK, (100 ng/ml), PgLPS (1.0 pg/ml), LM-MS (100 ng/ml), and LTA (500 ng/ml). After 5 h of incubation,
NEF-kB-induced SEAP production was determined by alkaline phosphatase activity in the stimulation supernatants using Quanti-Blue as the substrate. The data
shown represent the averages and SEM of triplicate determinations and are representative of three independent experiments.

observed (Fig. 2C-1 and D). In addition, SMAMP induced 45-fold
suppression of tnf expression as assessed by real-time RT-PCR of
BMDMs stimulated with S. aureus (Fig. 2C-2). Interestingly, pro-
duction of the anti-inflammatory cytokine IL-10 in response to S.
aureus was also suppressed in the presence of the SMAMPs (Fig.
2E), indicating that the observed inhibitory effect on TNF and
IL-6 production induced by these oligomers does not involve the
induction of IL-10.

The anti-inflammatory activity of SMAMPs is specific for
LTA. As previously observed (Fig. 3A; see Fig. S1b in the supple-
mental material), SMAMPs 01 to 03 did not affect the TNF pro-
duction induced by the TLR4 ligand LPS. Therefore, in order to
determine whether the effects of these SMAMPs were specific for
TLR2 agonists or more broadly active against other TLRs, we
tested the TLR3 ligand poly(I - C), the TLR7/8 ligand R848, and
the TLRY ligand CpG DNA. Preincubation of RAW264.7 cells
with the three SMAMPs did not affect the production of TNF in
response to these TLR agonists (Fig. 3A), indicating that the
SMAMPs are specific for LTA/TLR2-induced responses.

The abilities of these novel oligomers to inhibit TLR2-medi-
ated stimulation in the presence of several TLR2 ligands were in-
vestigated to determine if inhibition was LTA specific or general
for TLR2 ligands. We preincubated HEK-Blue-hTLR2/CD14 cells
with SMAMPs 01 to 03 for 30 min, followed by 5 h of stimulation
with different TLR2 ligands. Both TLR1/TLR2 and TLR2/TLR6
ligands were used (1, 25, 26, 30): FSL-1, Pam;CSK,, Pam,CSK,,
LM, and PgLPS. The results (Fig. 3B) show that SMAMPs inhib-
ited the stimulatory effects of only LTA and not the other TLR2
ligands tested.

SMAMPs interact with S. aureus LTA and prevent its inter-
action with TLR2. Our results suggested that SMAMPS exert their
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inhibitory activities via a specific interaction with LTA. To further
investigate this possibility, RAW264.7 cells were preincubated
with SMAMPs, washed, and resuspended in fresh antibiotic-free
medium, allowing the elimination of any SMAMPs not associated
with the cells. The cells were then challenged with S. aureus
(MOI = 10), and after 14 h, the production of TNF and IL-6 in the
stimulation supernatants was analyzed by ELISA (Fig. 4A and B,
denoted preincubation [open bars]). As a control, RAW 264.7
cells that had been incubated with SMAMP for 1 h were chal-
lenged directly with S. aureus without replacing the medium (Fig.
4A and B, solid bars) (similar to the previously described proce-
dure for Fig. 2A and B). The elimination of the SMAMPs by wash-
ing prior to bacterial challenge resulted in the disappearance of
their inhibitory effects. These data indicated that the inhibitory
effects of the SMAMPs are not due to their interaction with the
cells but primarily to that with S. aureus or its components.
Further evidence of SMAMP-LTA interaction was obtained
using UV-Vis absorption spectroscopy to measure their associa-
tion in solution. LTA is devoid of any chromophore in the visible
range (350 to 500 nm) and did not show significant absorption as
a function of the concentration (Fig. 4C). In contrast, the unique
aromatic chromophore of the SMAMP shows a distinct, broad
absorption band starting at ~375 nm (Fig. 4D, dashed line). This
allowed us to detect LTA-SMAMP interactions by analyzing the
changes in the SMAMP absorption spectra as a function of the
LTA concentration. Increasing the LTA concentration while hold-
ing the SMAMP concentration constant resulted in a dose-depen-
dent increase in the absorption spectrum of SMAMP 02 (Fig. 4D).
Asa control, we also analyzed the UV absorption of SMAMP 02 in
the presence of the TLR1/2 ligand Pam;CSK,, whose proinflam-
matory activity was not inhibited by the SMAMP. Similar to LTA,
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FIG 4 SMAMPs interact with LTA. (A and B) RAW 264.7 cells (10° per ml)
(open bars) were pretreated with SMAMPs (1.0 pg/ml) or DMSO (control).
The cells were then washed and incubated in antibiotic-free RPMI for 1 h
before stimulation with S. aureus (MOI = 10) for 14 h. The cells (solid bars)
were also pretreated with SMAMPs and stimulated with S. aureus (MOI = 10)
for 14 h without medium change. The supernatants were assessed for TNF and
IL-6 production by ELISA. The data shown represent the averages and SEM of
triplicate determinations and are representative of three independent experi-
ments. (C to F) UV titration of 1% DMSO (C and E) and 100 p.g/ml SMAMP
02 (D and F) with increasing concentrations of LTA (C and D) or Pam;CSK,
(E and F). The results are representative of three independent determinations.
(G) TLR2 binding competition assay. Wells were coated with LTA or
Pam,CSK, (0.5 pg/well) in chloroform-ethanol (1:9), followed by incubation
with SMAMP (1 pg/ml) and TLR2-Fc (0.5 pg/ml). Alkaline phosphatase ac-
tivity was determined using BluePhos phosphatase substrate. The data shown
represent the averages and SEM of triplicate determinations and are represen-
tative of three independent experiments.
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Pam;CSK, showed no absorption between 350 and 500 nm (Fig.
4E). In contrast to LTA, the presence of increasing concentrations
of Pam;CSK, did not result in measurable changes in the absorp-
tion spectra of SMAMP 02 (Fig. 4F). These UV-Vis experiments
confirmed that SMAMP 02 interacts specifically with LTA and not
other TLR2 ligands, such as Pam;CSK,.

These results suggested that SMAMPs may prevent the inter-
action of LTA with TLR2. To assess whether this is the case, we
performed TLR2 binding competition assays. Microtiter plates
were coated with LTA and Pam;CSK, as a control, treated with
SMAMP 02, and then exposed to a soluble form of recombinant
TLR2 (TLR2-Fc chimera). Complexes were then detected using
anti-human IgG. The preincubation of LTA with SMAMP 02 sig-
nificantly reduced its ability to bind soluble TLR2, while no effect
was observed when Pam;CSK, was used (Fig. 4G). Overall, these
results demonstrate that SMAMP 02 binds specifically to LTA,
resulting in its inability to interact with TLR2.

SMAMPs prevent inflammation in vivo, in addition to clear-
ing bacteria. Our results strongly argue that treatment with
SMAMPs 01 to 03 during infection with S. aureus could exert an
anti-inflammatory effect, in addition to their proven antibacterial
activities (6). We further analyzed the anti-inflammatory and an-
tibacterial capacities of SMAMP 02 in immunocompetent mice in
order to analyze innate immune cell function during infection.
C57BL/6 mice were infected with 10° CFU S. aureus (ATCC
13709) in the thigh muscle and treated (i.p.) with SMAMP 02 (1
mg/kg, well below the tolerated dose of 20 mg/kg [6]) in two doses,
at 1 h and 7 h postinfection. Control infected mice were treated
with vehicle (HBSS containing 2% DMSO). The thighs were har-
vested 25 h after infection, and the bacterial burdens were quan-
tified by CFU enumeration on BHI agar plates. This thigh muscle
infection model did not result in sepsis or any other visible disease
symptoms in animals within the time frame of our studies. An
average bacterial burden of 10* CFU/g of thigh tissue was detected
in the vehicle-treated control mice (Fig. 5A). In contrast, SMAMP
02-treated animals showed bacterial burdens below the detection
limit of the assay (Fig. 5A), demonstrating that this SMAMP is
highly efficient in clearing infections in immunocompetent mice.
At the same time, the sera from SMAMP 02-treated infected mice
contained significantly lower levels of TNF and IL-6 (Fig. 5B and
C) than control infected mice, indicating that the treatment re-
sulted in both the control of infection and the suppression of
deleterious proinflammatory systemic responses.

DISCUSSION

Infectious diseases, especially those caused by multidrug-resistant
bacteria, remain one of the most serious global health care prob-
lems. While traditional antibiotics revolutionized medical care in
the last century, they have two serious drawbacks. Bacteria have
developed resistance to our best antibiotics, and in fact, bacterial
strains that are resistant to all but one commonly prescribed anti-
biotic are known (9, 14, 22, 24, 41, 45). In addition, the use of
antibiotics often stimulates the release of bacterial components
that can contribute to toxic shock (29). For example, the use of
B-lactam antibiotics, such as imipenem (a carbapenem), flucloxa-
cillin (a penicillin), or cefamandole (a cephalosporin), enhances
LTA release from Gram-positive cocci (17, 47). Toxic shock is a
major problem; more than half a million people suffer toxic shock
(sepsis) every year in North America alone (13). Gram-negative
sepsis is caused by the outer membrane component LPS, whereas
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FIG 5 Antibacterial and anti-inflammatory effects of SMAMPs in a mouse model of acute infection with S. aureus. (A) C57BL/6 mice were infected intramus-
cularly with 1 X 10° S. aureus cells (ATCC 13709) in the right posterior thigh. The infected mice were injected intraperitoneally with 1 mg/kg SMAMP 02 or
vehicle (HBSS containing 2% DMSO; control) at 1 hand 7 h after infection. The thighs were harvested 25 h after infection, and the bacterial burden was quantified
by CFU enumeration. (B and C) Sera from the infected mice were assessed for TNF and IL-6 by ELISA. The results represent 4 to 5 mice per group in three

independent experiments. The error bars indicate SEM.

Gram-positive sepsis is associated with exotoxin production, as
well as cell wall components, such as LTA (16, 19, 46). An in vivo
study reported that cell wall components, including LTA, from S.
aureus induced proinflammatory cytokine production and multi-
ple organ dysfunction syndrome (MODS) associated with septic
shock (7). Therefore, it would be ideal when developing new
weapons to combat 21st century infections if these potential new
drugs could make antibiotic resistance development more diffi-
cult while simultaneously limiting sepsis and its related patholo-
gies.

Here, we demonstrate for the first time that a nonpeptidic
mimic of antimicrobial peptides effectively eliminates the proin-
flammatory activity associated with S. aureus infection while si-
multaneously clearing the microorganism in the animal. One of
the hallmarks of AMPs and our SMAMPs is a low propensity for
the development of bacterial resistance (6, 27, 39, 40, 50). Our
results show that these SMAMPs specifically inhibit TLR2-depen-
dent, LTA-induced responses by macrophages, while they do not
affect the response of these cells to other TLR agonists. Our results
show that the effect of SMAMPs on LTA-induced TLR2-mediated
signaling results in the inhibition of NK-kB-mediated transcrip-
tional responses (Fig. 3B). This results in an effect on the produc-
tion of the proinflammatory cytokines TNF and IL-6, as well as the
anti-inflammatory cytokine IL-10. However, due to the effect of
SMAMPs on NF-kB-mediated transcriptional activity, we expect
that other cytokines regulated by the transcription factor would
also be affected by these SMAMPs. Furthermore, the inhibition of
LTA-induced TNF production was also observed in human pe-
ripheral blood mononuclear cells (PBMCs) in the presence of
SMAMP 02 (see Fig. S2 in the supplemental material). Impor-
tantly, these SMAMPs showed a high level of anti-inflammatory
activity in response to whole S. aureus cells. These results demon-
strate that by effectively blocking LTA-induced proinflammatory
responses, these novel synthetic compounds prevent the overall
response of macrophages to the bacterium. Further ongoing stud-
ies based on our screening experiment (see Fig. S1 in the supple-
mental material) have identified a few other SMAMPs that may
have the potential to suppress both LPS- and LTA-induced TNF
production.

The murine macrophage cell line RAW264.7 and murine
BMDMs responded similarly, showing strong inhibition of TNF,
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IL-6, and IL-10. This inhibition was controlled at the transcription
level, as demonstrated by qRT-PCR. Perhaps most important
were the in vivo experiments performed with immunocompetent
animals. Previous studies showed SMAMP 02 was able to reduce
S. aureus bacterial counts by ~4 to 5 log,, units in neutropenic
mice (6). Here, SMAMP 02 was able to completely clear the S.
aureus infection compared to the control, which retained a bacte-
rial burden of 3.8 log, ,. These results, coupled with those from the
neutropenic animals, conclusively show that SMAMP 02 is anti-
bacterial. A structurally similar SMAMP (PMX-30063) completed
a phase 2 clinical trial for the treatment of acute bacterial skin and
skin structure infections caused by S. aureus; the trial achieved its
objectives of meeting efficacy and safety standards at all evaluated
doses of PMX-30063. At the same time, in this report, SMAMP 02
effectively eliminated the production of the proinflammatory cy-
tokines TNF and IL-6. The reduction was more than 98%. This is
critical, as TNF is known to be associated with deleterious effects
of toxic shock (15, 20, 34). To our knowledge, this is the first
example of a specific, nonpeptidic synthetic PAMP blocker that
can specifically prevent proinflammatory responses while simul-
taneously clearing infections in vivo. In a previous report, the
pharmacokinetics study of SMAMP 02 was performed, and the
plasma half-life (t,,, = 0.83 t0 0.94 h), clearance (CL = 108 to 135
ml/h/kg), and volume of distribution (V, = 146 to 162 ml/kg)
values were reported (6). The clearance values correspond to a
small percentage of liver blood flow in the mouse, and the volume
of distribution range suggests that SMAMP 02 is being distributed
primarily in plasma and extracellular fluid (6).

Our results show that immunomodulatory SMAMPs prevent
LTA-induced responses mediated by TLR2 through a direct inter-
action with the pathogen molecular pattern. The interaction be-
tween SMAMPs and LTA occurs in solution, as well as with whole
bacterial cells in vivo. Importantly, our results demonstrate that
SMAMPs thwart the accessibility of LTA to TLR2. The result is the
effective blockade of the interaction of LTA with TLR2, both on
the surfaces of macrophages and within endosomal compart-
ments, upon bacterial phagocytosis (18). Previous research has
shown the capacity of a group of peptide-based antimicrobials to
bind LPS and neutralize its ability to stimulate the production of
proinflammatory cytokines (11, 35). Synthetic AMPs (e.g.,
cecropin-melittin-related peptides) also exhibit LTA-binding ca-
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pacity and inhibit LTA-stimulated cytokine production from
RAW 264.7 cells (2, 34, 35). A combination of synthetically altered
AMPs, temporin B and temporin A, also exerted in vivo antibac-
terial and anti-inflammatory activities (5). However, these AMPs
exhibited only moderate antimicrobial activity in in vitro assays,
with MICs of >10 pg/ml against both Gram-positive and Gram-
negative bacteria. Indeed, the first reported synthetic immuno-
modulatory peptide based on an AMP template, innate defense
regulator 1 (IDR-1), was devoid of any direct antimicrobial activ-
ity and instead induced protection against bacterial challenge by
selectively modulating innate immune responses (37).

Most AMPs, including those discussed above, are comprised of
12 to 50 amino acid residues with molecular masses between 2,500
and 5,000 Da (e.g., LL-37 is a 4,500-Da peptide) and a formal
secondary structure. Shorter synthetic peptides with helical con-
formation, containing 7 to 11 amino acid residues, are also
known, and some of these peptides displayed substantial antimi-
crobial activity, e.g., a 9-residue peptide displayed potent antibac-
terial activity (with a MIC as low as <1.3 wg/ml against Gram-
positive bacteria), although it was severely hemolytic (minimal
hemolytic concentration [MHC], 5 ng/ml) (21, 49). No in vivo
activity was reported for these short AMPs, which is not surpris-
ing, since such short peptides are expected to have short half-lives
due to rapid degradation in vivo. However, our design of SMAMPs
goes beyond amino acid-derived peptidomimetics to completely
abiotic molecular scaffolds (23, 40, 44). This reduced the molec-
ular mass (SMAMPs range between 600 and 1,000 Da) and dra-
matically expands the structural derivatives that can be envisaged
by employing the entire range of modern synthetic chemistry.
This strategy has eliminated many of the problems related to the
use of AMPs as intravenously administered antibiotics, such as
poor tissue distribution, toxicity, and proteolysis.

Natural AMPs are important components of the innate defense
systems of all animals, and therefore, their synthetic variants hold
great potential as weapons against antibiotic-resistant bacteria
(13). Although several new approaches to treating Gram-negative
sepsis have been reported in recent years (32, 48), very little prog-
ress has been achieved in finding therapies targeting sepsis medi-
ated by Gram-positive bacteria (34). This, coupled with the addi-
tional benefit of using artificial compounds to which resistance is
unlikely to arise (4, 6, 38, 43, 45), makes these SMAMPs ideal
candidates for the treatment of acute infections with S. aureus.
Our results present the first proof that a nonpeptidic small mole-
cule can confer protection against infection by a Gram-positive
pathogen without toxicity while simultaneously suppressing
harmful proinflammatory responses. It is worth noting that the
PAMP-binding antibacterial SMAMPs we evaluated here were not
originally designed to control PAMP-mediated anti-inflamma-
tory activity. Therefore, we anticipate that a significant research
opportunity exists to develop PAMP binding SMAMPs with the
capacity to prevent secondary inflammation, in addition to fight-
ing prevalent infectious agents.
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